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CONSTRAINTS FROM THE DAMPING TAIL 
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ABSTRACT 

The detection of anisotropy in the cosmic microwave background on arcminute scales by the Cosmic 
Background Imager (CBI) provides us with our first measurement of the damping tail and closes one 
chapter in the CMB story. We now have experimental verification for all of the features in the temperature 
anisotropy spectrum predicted theoretically two decades ago. The CBI result allows us to constrain both 
parameterized models based on the inflationary cold dark matter (CDM) paradigm and to examine model 
independent constraints on the matter content, the distance to last scattering and the thickness of the 
last scattering surface. In particular we show that recombination had to proceed "slowly", with the 
surface of last scattering having a width Az J> 50. This provides strong constraints on non-standard 
recombination scenarios. By providing a lower limit on the duration of recombination it implies a lower 
limit on the polarization of the sub-degree scale anisotropy which is close to current experimental upper 
limits. 

Subject headings: cosmology: theory - large-scale structure of universe 



1. INTRODUCTION 



Recently the CBI team announced the first detection 
of anisotropy in the cosmic microwave background ( CMB ) 
on angular scales of several arcminutes (Padin et al. 200l| ). 
They quote two "band-powers" , with amplitudes 
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and 29.7±^;| fjK, corre- 
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sponding to window functions centered at £ 

and 1190^224 respectively. (Here £ is the spherical har- 
monic index in a multipole expansion of the temperature 
fluctuation on the sky.) This detection is important not 
only for the specific constraints that it places on theories of 
the anisotropy spectrum, to which we shall return shortly, 
but also because it closes one phase of anisotropy research. 

Theoretical models of CMB anisotropy, based on the 
growth of structure through gravitational instability in a 
dark matter dominated universe, predict that the angu- 
lar power spectrum of the temperature anisotropy should 
have 3 distinct parts, sep arated by two important phys- 
ical scales (see e.g. Bond 1996| ). With the 1992 discov- 
er y of a nisotropy by the COBE experiment (Smoot et 



al. 1992) we obtained experimental verification of the first 



part: the plateau in the spectrum at large angular scales 
(law-£) which is generated as photons lose energy climbing 
out o f pote ntials on the last scattering surface (Sachs & 
Wolf e |1967 ). Numerous expe rimen ts (most recen tly M iller 
et al. |1999| ; de Bernardis et al. |2000| ; Hanany et al. |200C| ; see 
Tegmark, Zaldarriaga & Hamilton 200C for a more com- 
plete list) have now reported detections of an acoustic peak 
in the power spectrum on degree scales (£ ~ 200) . The sec- 
ond part of the anisotropy spectrum, this provides us with 
a snapshot of sound waves "in" the surface of last scat- 
tering ( Peeble s & Yu |1970|; Doroshkevich, Zel'dovich & 



Sunyaev 1978) and encodes a wealth of information about 
cosmology and our model for structure formation. Now 
the detection of fluctuations on scales of several arcminutes 
(£ ~ 10 3 ) provides for the first time experimental verifica- 
tion of fi nal pi ece of the spectrum: the diffusion damping 
tail (Silk 1968). Though the important, predicted polar- 
ization is yet to be detected, and much work remains to 



refine our knowledge of the spectrum, the current experi- 
mental situation is in remarkable agreement with theoreti- 



cal predictions made two decades ago ( Wilso n & Silk 1981 
Silk & Wilson " 
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r Vittorio & Silk 
tathiou 1984 , 1987 ), enhancing our faith in our paradigm 
for structure formation in the universe. 

For many years theorists have been describing what we 
may learn from "future" measurements of the damping 
tail. The CBI measurement provides us with the oppor- 
tunity to finally begin to implement these claims. In the 
following we do so, identifying some constraints on cos- 
mological models and models for struc ture f ormation aris- 
ing from the CBI data. Padin et al. ( 2001 ) have already 
stated limits on a subset of the popular theoretical mod- 
els of structure formation, here we point out some ad- 
ditional constraints on the general paradigm. These will 
strengthen considerably as CBI reports data covering more 
sky and binned more finely in £. 

2. THE BIG PICTURE 

Another dete ction on smaller angular scales (£ ~ 5600; 
Dawson et al. |2000| ) at a low er amplitude is consistent 
with Sunyaev-Zel'dovich (1980; SZ) fluctuations expected 
in popular models of structure formation. These mod- 
els predict that the SZ effect is the dominant secondary 
anisotropy on arcminute scales, that the bulk of the sig- 
nal comes from clusters of galaxies spread over a range of 
redshifts and that the signal falls off rapidly toward the 
larger angular scales probed by CBI. The CBI detection 
is of sufficient amplitude that it is highly unlikely to be 
secondary anisotropy - we shall assume from now on that 
CBI is constraining the primoridal anisotropy from last 
scattering. 

The CBI measurement shows that the spectrum has be- 
gun to damp significantly by £ ~ 1000, as expec ted from 
photon diffusion during recombination (Silk 1968| ). A finer 
binning in I would be required to verify that the damp- 
ing is (close to) exponential and to constrain the damping 
scale, £d, more precisely from the shape of the decline in 
power. 
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Within the standard cosmological model, on the scales 
probed by the CBI experiment, the CMB power spectrum 
depends mainly on the primordial power spectrum, the 
physical matter density (p mat oc w mat = f2 mat /i 2 ), the 
baryon density {pb oc u>b = flbh 2 ) and the (comoving) an- 
gular diameter distance to last scattering r$. (There is a 
small correction to the spectrum arising from gravitational 
lensing which we can safely ignore.) If we assume that the 
primordial power spectrum has no sharp features we can 
isolate the other three important ingredients of the model: 
Wmat, u b and re- 

The new observational limit here is on the damping 
scale, which has the nice property that it depends pri- 
marily on the background cosmology]^, and not on the as- 
sumed model of structure formation (inflation, defects...). 
To a first approximation the damping scale is the geomet- 
ric mean of the horizon and th e phot on mean- free-pat h just 
before recombination (Kaiser 1983; see Hu & White 1997 
for numerical fitting functions]^ Thus an increase in the 
matter density, which decreases the size of the horizon at 
last scattering, will shift the damping to smaller angular 
scales. For baryon densities consistent with big-bang nu- 
cleosynthesis the damping scale is also shifted to smaller 
angular scales by a decrease in the mean-free-path (an in- 
crease in the baryon density). 

Let us begin by considering general inferences drawn 
from the locations of the gross features (peaks and damp- 
ing) in the spectrum. The first acoustic peak appe ars to 



lie at £ A ~ 200 (Mil ler et al. |1999| ; de Bernardis et al. |2000 
Hanany et al. |2000 ) providing us with a first rough mea- 
surement £d/£a ~ 5. This ratio can be interpreted as 
the Q of the sound "cavity" (fluid at last scattering) and 
Q ~ 5 is i n acc ord with our theoretical expectations (Hu 
& White 1996 ). Theoretically £d/£a is independent of 
distance to last scattering and only weakly dependent on 
the assumed energy content, e.g. p r ad/P7; and baryon con- 
tent^. A ratio in the range 4-6 is a strong indication 
that the fluctuations are adiabatic, such as are prod uced 
'un iquely ' by inflation (Hu, Turner & Weinberg 1994; Lid- 
die 1995). Unfortunately within the current uncertainties 
on £jj the constraints, while disfavouring a shift in £d/£a 
by a factor of 1.5 as predicted by isocurvature models, are 
not very tight. 

Narrowing our attention to adiabatic models, if we com- 
bine data on the first peak with the highest I constraint 
from CBI we can impose a lower limit on the matter den- 
sity. Recall from above that the damping scale is moved 
to smaller angular scales as o-> mat is increased. Holding 
ojb fixed at 0.02 the ratio of the amplitudes of the fourth 
to the first peak grows by a factor of 2 as we increase 
u mat from 0.05 to 0.25. Though this ratio is affected by 
changes in the spectral index, it is not affected by changes 
in the normalization or a late epoch of reionization. Taking 
the bandpowers as measures of the power at their central 
£, we estimate that observationally this ratio is close to 
1/4. This corresponds to w ma t ~ 0.15 under our assump- 
tions. Values of w ma t ~ LUb would have this ratio consid- 
erably lower, though experimental uncertainties are such 



^ee e.g. Hu & White (199'i) for a discussion of technical caveats. 

2 Since £a is independent of uif, near cjj, = 0.02, the ratio increases 
slo wly w ith increasing wj,. Current constraints on uj), (O'Meara et 
al. 200C1) make this increase negligible. 



that models of this type are not (yet) completely ruled 
out by the current CMB data. A full study of parameter 
space and accounting for experimental uncertainties would 
be necessary to draw firm conclusions. Such a study will 
be highly informative when additional data from CBI are 
released, particularly to higher I. 




0.05 0.1 



0.15 



CO 



0.2 0.25 



Fig. 1. — Contours of the bandpower ratio in the i^ ma t — rg plane. 
We have chosen h = 0.65 in computing distances. Contours are 
spaced in steps of 0.1, increasing to the lower left. The thick solid 
line indicates 2, with the thin solid lines being 1.3 and 3.0. 



3. CONSTRAINTS ON MODELS 

Let us now turn to more quantitative constraints on our 
models. With only two bandpowers we cannot provide lim- 
its on a large parameter space, so we shall here consider 
various effects in turn rather than varying all of them to- 
gether. To avoid questions of the calibration uncertainty, 
the normalization of the spectrum and any late (z <J 10 2 ) 
epoch of reionization we shall focus our attention on the 
ratio of the bandpowers. Experimentally this ratio is close 
to 2, and should lie between 1.3 and 3 at l 2a\ When 
computing theoretical predictions for this ratio we shall 
approximate the window functions as Gaussians centered 
on £ = 603 and 1190 with a = 104 and 146 respectively. 
Pearson et al. (200C) have shown a Gaussian is a good 



approximation for the visibility window function, we shall 
assume this holds for the bandpower window function also. 

The first limit we shall consider is on the (comoving) 
angular diameter distance to last scattering, which is a 
sensitive function of spatial curvature: 
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(1) 



for K < (for positive curvature replace sinh with sin). 
Here K = H 2 (fl to t — 1) is the spatial curvature, r]o = 
j dt/a is the conformal age of the universe today, r)* is the 
(conformal) age at last scattering and we have set c = 1. 
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At fixed Ct>mat and ujy, the I of any feature in the spectrum 
depends linearly on this distance. The amount of power 
near the damping tail depends exponentially on I, so this 
allows another test of curvature of the universe. 

For fixed distance, r$, and matter density, w ma t, the 
bandpower ratio is quite insensitive t o u>b so we shall here 
hold it fixed at 0.02 (O'Meara et al. |2000| ). We shall also 
assume that the underlying spectrum is scale-invariant for 
simplicity. Since the bandpowers are separated by a factor 
of 2 in angular scale, a deviation of ±0.2 in the spectral 
index translates roughly into a ±15% change in the band- 
power ratio, which can be safely ignored. Our assumptions 
can be relaxed when bandpowers covering a wider range 
of £ become available. 

Fig. [I] shows contours of the bandpower ratio in the 
w ma t — rg plane. Any upper limit to the distance is quite 
sensitive to our assumed lower limit on the bandpower 
ratio. The lower limit on the distance is however reason- 
ably robust: for any reasonable cosmological parameters 
rg ;> 6000Mpc (comoving, with h = 0.65). While this limit 
could be derived from considering e.g. the first peak in the 
spectrum, the damping tail has the advantage of being less 
dependent on the assumption of a particular model for the 
calculation. 

Our limit can be interpreted either as a constraint on 
late-time physics which changes the distance-redshift rela- 
tion while holding the redshift of last scattering (roughly) 
constant, or on more speculative physics which modifies 
the redshift of recombination through e.g. energy inj ection . 
The first case has been considered by Padin et al. (2001). 
To illustrate how the second may now be strongly con- 
strained we have calculate d the anisotropics expected for 
the Ostriker & Steinhart ( 1995| ) "concordance model" - 
a standard ACDM model with f2 ma t = 0.3, h — 0.67 and 
n = 1 — replacing the hydrogen ionized fraction x e by a 
Fermi function (1 + e~ s ) 1 where s = (z — z m )/ Az. Stan- 
dard recombination is well fit by z m ~ 1200 and Az ~ 80. 
A sampling of the spectra, c ompu ting using the code de- 
scribed in White & Scott ( 1996 ), are shown in Fig. |[ 
Recall that our limit on z m will depend slightly on the 
particular cosmological parameters chosen, but should be 
very insensitive to the details of the model for structure 
formation (e.g. inflationary CDM). 

A modification to the time or duration of recombination 
was discussed as a solution to the apparently missin g sec- 
ond peak in the Boomerang data (de Bernardis et al. 2000; 
Hu |2000|; W hite, Scott & Pierpaoli |2000|; Peebles, Seager 
& Hu |200q ; Tegmark & Zaldarriaga ]2000| ) . From Fig. § a 
detection of significant anisotropy at I j> 1000 constrains 
the last scattering surface to lie at z J> 800 for the "con- 
cordance" cosmology. 

Our picture of the ionization history of the universe is 
thus as follows: The visibility of flux shortward of Ly-a 
in high-z quasars (e.g. Fan et al. 2000D indicates that the 
universe is highly ionized back to z ~ 6. The detection of 
anisotropy on degree scales indicates that the u nivers e was 
neutral above a redshift of ~ 30 (Tegmark et al. 20001 ). We 
have now been able to demonstrate that the universe reion- 
ized between z ~ 800 and z ~ 1600 when the temperature 
was 2000 — 4000K. This is, not surprisingly, in accord with 
our understandin g of r ecombination physics (e.g. Seager, 
Sasselov & Scott 1999) in the 'standard' cosmology and 
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Fig. 2. — Contribution to the temperature fluctuation per logf 
for the concordance model if recombination is modeled as a Fermi 
function of width Az = 80. From left to right at the first peak, 
z m = 600 to 1600 in ste ps of 200. The th ick solid line has z m = 1200. 

The y-axis is AT = y/i(C + l)C e /(2w). The two solid squares are 
the CBI bandpowers with ±lcr errors. 



we expect the universe was ionized at all higher redshifts. 
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Fig. 3. — (Top panel) Temperature anisotropy spectra for the con- 
cordance model if recombination is modeled as a Fermi function cen- 
tered at Zm = 1200 of width Az = 40 (top curve) through 140 (bot- 
tom curve) in steps of 20. The curves have been normalized to agree 
at low-£. Standard recombination is close to Az = 80 (thick line). 
(Middle panel) Our approximate window functions for the CBI band- 
powers, normalized to unity at peak. (Bottom panel) The E— mode 

polarization in the models above, with AT = W £(£ + l)C^/(27r). 
Higher polarization at I ~ 300 corresponds to larger Az. 

While the above limit is on the distance to the last scat- 
tering surface, we can also limit the thickness of the last 
scattering surface. A modification to the duration of re- 
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combination was discussed as a solution to the apparently 
missing second peak in the Boomerang data as described 
above. Because the power at £ ~ 10 3 is "low" we know the 
duration of recombination can't be too short. If recombi- 
nation pro ceede d as quickly as the standard Saha theory 
(e.g. Lang 1980| ) would predict for example, we would ex- 
pect significantly more power at £ ~ 10 3 than is observed 
(see Fig. 9 of Hu et al. 1995| ). To demonstrate the sense 



of this effect we have modified Az in our mockup of re- 
combination described above. A sampling of the spectra 
with Az ranging from 40 to 140 are shown in Fig. | . As a 
point weighted towards £ ~ 1500 is not available, the un- 
known distance to last scattering introduces considerable 
uncertainty in the upper limit on Az using only the CBI 
data. We can see however that recombination cannot be 
much shorter than Az ~ 50 - recombination to the ground 
state is inhib ited b y the recombination photons (Novikov 
& Zel'dovich |l967l ). 

Our lower limit on Az nicely brings us to the next funda- 
mental CMB milestone - detection of polarization. There 
are extremely strong theoretical reasons to believe that 
the anisotropy is polarized at a low level, since the an- 
gular dependence of Thomson scattering is sensitive to 
polarization. To date only upper limits have been re- 
porte d (e.g . Staggs, Gundersen & Church |200C ; Hedman 



et al. 200C), but they remain above the theoretical pre- 
dictions of popular models. Since polarization arises from 
scattering, it is generated 'during' last scattering and pos- 
sibly in a second, closer, scattering surface during reioniza- 
tion. The thicker the last scattering surface the stronger 
the polarized signal, but also the larger the angular scale 
at which damping becomes effective. Our lower limit on 
the duration of recombination is thus a lower limit on the 
polarization of the sub-degree scale anisotropy. This is 
shown in the lower panel of Fig. || where the thicker last 
scattering surfaces have enhanced power at £ ~ 300, and a 
peak polarization signal shifted to lower £ by the increased 
damping. 

4. CONCLUSIONS 

Our theories suggest that the CMB power spectrum con- 
sists of three regions, separated by two physical scales (the 



sound] horizon and the damping length]. With the detec- 
tion of power oil drcmimile scales by the CBI experiment;, 

all of the major parts of the temperature anisotropy spec- 



trum have been observed: the low-£ plateau, the acoustic 
peaks and the damping region. 1 he results are strikingly 
similar to theoretical predictions made nearly two decades 
ago, lending further support to a model in which the large 
scale structure grew through gravitational instability from 
small primordial perturbations in density (presumably laid 
down by inflation). 

For many years theorists have been describing what 
we may learn from "future" measurements of the damp- 
ing tail. Here we have begun to implement this pro- 
gram. A number of constraints on parameterized models 
in the CDM family have already been presented by Padin 
et al. (2001) on the basis of the data released to date. 
We have presented some different and more model inde- 
pendent constraints, including constraints on the matter 
density, the distance to last scattering and the duration 
of last scattering. Popular models based on inflationary 
CDM pass all of these constraints easily, while many non- 



standard cosmological models fare less well. By providing 
a lower limit on the thickness of the last scattering surface, 
the CBI measurement implies a lower limit to the polariza- 
tion of the sub-degree scale anisotropy which is marginally 
lower than current upper limits. Further data from CBI, 
and other experiments, at these angular scales should en- 
able us to extract more of the cosmological information 
contained in the damping tail. 
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